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ABSTRACT

Temperature control is one of the four most comrypes of loop. In some cases, temperature is the
critical condition for chemical reactions to taki&age. In batch processes, control becomes more
complicated because of the variability of leveleggure and concentrations. For this particular,case
the process consists of a batch reactor, an extsehedi-and-tube heat exchanger with cooling tower
water flow on the shell side. The main raw materale charged in the reactor and the contents are
continuously circulated through the heat exchangees. Then a flow of gas is initiated, pressuring
the vessel to 90 psig starting the exothermic r@acPressure is maintained constant during thehbat
As raw materials are converted the product conaBotr increases. The product has very low
solubility in water. The temperature in the batalisirbe ramped up high enough to avoid precipitating
the product and plugging the heat exchanger tubesthe other hand, high temperature directly
impacts side-reaction kinetics and consequentldyction yield. Since the plant start-up in 1998s th
process consisted of a manual reactor temperatumteot by manipulation of a butterfly control valve
installed in the cooling tower water inlet pipelin€his work aims to implement an automatic
temperature control strategy for a batch reactftlerAnany previews trials, the strategy proposed is
cascade loop with a primary reactor temperaturetrolier and a secondary heat exchanger
temperature controller. The primary controllergeint is calculated using the product solubilitywai

The solubility curve is a relationship between pretdconcentration and temperature. The product
concentration is calculated as a function of ta&i amount of gas added to the batch. The primary
controller output is the set point for the secogdamtroller. The primary controller output conssla
limitation of maximum delta between the heat exgeannlet-outlet temperature and the temperature
of solubility curve itself. This strategy allowsetlcontrol valve to be almost totally open at the
beginning of the batch, when high amount of hegeiserated due to high raw material concentration,
and almost closed at the end of batch when the megntion slows down. As a result the batch
average temperature was reduced by 2.5°C impraigmgficantly the production yield of the process.
This project achieved financial savings of apprcatiely US$ 1.0M for one fiscal year and also
improved the product quality by reducing impuritieemation.
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INTRODUCTION

Temperature is a measurement of a material’s iatamolecular activity. As the level of molecular
activity rises, the temperature of the materiatéases. Temperature is often the most importatiteof
common measurements because it is an indicatorookps stream composition and product quality.
In the chemical industry, nearly all loops that aoatrolling the composition of a unit operatioreus
temperature as the primary controlled variable.nipxas of operations that need low variability in
temperature control are bioreactors, calcinersmated reactors, columns, condensers, crystallizers,
dryers, evaporators and others

Temperature control is one of the four most comrges of loop. In some cases, temperature is
critical condition for chemical reactions to takéagqe. In batch process, control becomes more
complicated because of the variability of levekgsure and concentrations.

The process in study consists of a batch reaatcexternal shell-and-tube heat exchanger with ngoli
tower water flow or steam on the shell side as shawfigure 1. When the chemical reaction is
proceeding cooling water is fed to heat exchangarder to cool the batch down. When the reaction
achieves the end point, the vessel contents ansfénaed to the filter feed tank and simultaneously
steam is fed into heat exchanger in order to kiefatch temperature flat.
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Figure 1. Batch reactor schematic

The main reaction takes place in liquid phase dalgst surface under pressure. It is an exothermic
process from heat released during reaction.
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The raw materialA and catalyst are charged in shot into reactornTadlow of gas is initiated,
pressuring the vessel to 90 psig starting the iacPressure is maintained constant during thehbat
and reactor contents are continuously circulatealh the heat exchanger tubes side. As raw mhteria
A is converted, the concentration of prodddncreases.

The produciC has very low solubility in water and then the temgture of the batch must be ramped
up high enough to avoid product precipitation aedtrexchanger tubes plugging. On the other hand,
high temperature impacts directly side-reactionelas, increasing by-products formation and
consequently reducing production yield.

The batch size and cycle time are usually fixethatprocess. The concentration of proddcat the
end of batch can vary from 10.0 to 11.5 per cenwbight during regular operation to achieve planned
production rate that is normally controlled by seftthe amount of raw material for the batch.

When reaction end point is reached, the batchrisaig transfer in the next step to the filter detank,
where the solution of produ€t is filtered and sent to downstream process anddtedyst is sent back
to the reactor for a new batch. The reactor hegbmoximately 25% of total volume.

PROBLEM DEFINITION

Since the plant start-up in 1998, the reactor teatpee control consisted of manual manipulatiom of
butterfly control valve installed to supply towerating water to the reactor heat exchanger. Operati

of the control loop was performed in manual modesélying the output for the control valve. During
the batch cycle time the control valve remains ogites fixed position while the temperature riseslun

a maximum value when reaction end point is achieVeeé control valve output is manually modified
only when the temperature at the end point is lowen the solubility temperature for three
consecutive batches. It is a very poor control tredaverage temperature is 2.5 to 3.5°C above the
product solubility curve temperature as shownguife 2.
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Figure 2. Reactor temperature profile: manual @ntr
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PROJECT GOALS

The product has low solubility in water and theseaitrade-off: high temperature avoids equipment
plugging from crystallization but increases by-prot formation significantly reducing yield.

This work aims to implement an automatic reactorgderature control strategy in order to reduce the
average batch temperature to be as close as possitiie product solubility temperature. The cdntro
strategy should at the same time avoid productaltization and reduce raw material usage.

CONTROL STRATEGY

After many previews trials with no satisfactory ults, the control strategy proposed in this work
consists of a cascade control system.

In a cascade control system, one feedback contradpists the set point (SP) of another feedback
controller as shown in figure 3. The higher corémoin the outer loop is called the “primary”, wil
the lower controller in the inner loop is calle@ tlsecondary”. A typical application of cascadetcoin

is a temperature controller cascaded to a flowrotiat’.

PRIMARY SECONDARY DISTURBANCE DISTURBANCE
CONTROLLER CONTROLLER

———————

seconoary || INNER MAIN PV

ASORITIRM ':_' PROCESS| | '| PROCESS
INNER LOOP
OUTER LOOP

Figure 3. Block diagram of a Cascade Control SyStem

In this application reactor temperature is the pryncontroller (TC211-03) and heat exchanger
temperature is the secondary controller (TC211a8Sepresented in figure 4.
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Figure 4. DCS display of the cascade loop

The reactor temperature control loop set pointailswated using the product solubility curve. The
calculations made online in the distributed consydtem (DCS) are as follows:

Gas usage is calculated:
GAS_USAGKR = GAS_TOR/ (A_TOTgr/ S) — running batch
GAS_USAGE = (GAS_TOFR/ (A_TOTp/ S) — previous batch

where:
GAS_USAGE: ratio of gas and raw material A chargedbatch.
A_TOT: totalized amount of raw material A.
GAS_TOT: totalized amount of gas.
S: stoichiometric ratio of raw material A and puct C.

Subscripts:
R: data acquired online from running batch.
P: data recorded from previous batch.

Instantaneous product C concentration and solubtiimperature for the batch are calculated:
C_CONC = ((GAS_TO®%/ GAS_USAGE *100) / MASS_BATCH) * 100 + FACTOR
T _SOL = LN (C_CONC /0.5908)/0.0267+DEV

Where:
C_CONC: calculated instantaneous product C coreigo.
T_SOL: calculated instantaneous solubility tempeesa
MASS_BATCH: total amount of raw materials chargei reactor.
FACTOR: product C concentration at the beginningeaiction (tunable factor).
DEV: delta between reactor and heat exchangertdatigeratures (tunable factor).
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The expected final product C concentration andlsitity temperature are calculated in similar way:
C_CONG = ((A_TOTr/ S *100) / MASS_BATCH) * 100 + FACTOR
T_FINAL = LN (C_CONG/0.5908)/0.0267+DEV

The initial reactor temperature is recorded atbginning of the batch processing.
T_INITIAL = PV:TC211-03

Where:
T_FINAL: calculated solubility temperature at réac end point.
T_INITIAL: recorded initial batch temperature.

When the reaction begins a linear regression ctowvéemperature set point is projected, considering
the initial batch temperature and final expectedperature from the solubility curve for the charged
amount of raw material A into reactor:

GAS _TOTAL=A TOTR* GAS TOTs/A TOTs

Where:
GAS_TOTAL= linear coefficient for the linear regsgon.

As gas is fed into reactor, the SP of primary anis automatically adjusted to compensate for the
increase in product concentration and corresponsihgpility temperature:

SP_CALC = (((T_INITIAL - T_FINAL) / GAS_TOTAL) * GAS_TOTg) + T_INITIAL
SP:TC211-03 = SP_CALC

The primary controller set point is calculated frtme linear regression above. The coefficientshef t
linear regression are calculated for every batdjusting the reactor temperature profile in realdi

In order to avoid crystallization in the reactomahexchanger tubes a low output limit for the pryna
controller was implemented. The set point for thecomdary controller has additional limits
considering two factors:

1) There is a capacity limitation for the heat excland@he secondary controller set point should not
be lower than the equipment capacity. This alsoviges a quick response for the secondary
control loop when the temperature is ramped up.

2) The secondary controller set point should not bgelothan instantaneous product solubility
temperature; otherwise product crystallization salace inside the equipment tubes.

The calculation is a decrement linear regressiomatimum SP delta between primary and secondary
controllers. While gas is fed into reactor, thed&Ra is reduced as follows:

DEV_RAMP = (((MAX_DEV - DEV) / GAS_TOTAL) * GAS_TOJ + MAX_DEV
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Where:
DEV_RAMP: maximum SP delta between primary anasdary controllers.
MAX_DEV: maximum delta between reactor and heahaxgyer outlet temperatures
(fixed value — heat exchanger capacity).

The primary control output limit is the maximum wal between its SP minus maximum SP delta
calculated above and the instantaneous solubdityperature:

OUT_LOLIM:TC211-03 = MAX ((SP_CALC - DEV_RAMP), T GL)

Where:
OUT_LOLIM:TC211-03: low output limit value of prinng controller.

Then, the primary controller output is the set p&on the secondary controller:
SP:TC211-05 = OUT:01TC211-03 (Limited to OUT_LOLIMC211-03 value)

The cascade control system strategy is shown imdi§.

Controller Contraoller

(primary)  (secondary)
TC211-03 TC211-05 Cooling VWater
: Y 7
SP:SP_CALC ——— _
\T/) ;Tz *ﬂ%
Temperature | |
Measurement
Reactor
Shell and Tube Heat
Exchanger
—

| g Pump

Figure 5. Control system strategy

In order to improve the control performance two &fetiuning parameters were configured to enhance
PIDs response and close the cooling valve fastgmati the end of reactidnThe gain and reset are
changed a few minutes before the batch end polménva low exothermic heat release is expected, to
ensure the actual temperature does not go beloprtiaieict solubility temperature.
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RESULTS

This strategy allows the control valve to be almosally open at the beginning of the batch, when
high amount of heat is generated due to high ratema concentration, and almost closes at the end
of batch when the main reaction slows down as shaovigure 6.
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Figure 6. Reactor temperature profile: automatitticd

The new control strategy improved significantly tpgp between the batch temperature and product
solubility temperature. The PV of primary control{@C211-03) that is the reactor temperature cdntro
loop matches the SP along the batch, getting thebiemperature closer to the solubility tempertu

In figure 7 is possible to observe a reduction &PQ in the average batch temperature after project
implementation.
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In order to confirm the benefits in the productiiald the impurities formation was measured along
the catalyst life as demonstrated in figure 8. Tbanal tendency is an increase of impurities as the
catalyst loses its activity in the process. The Mormal Condition” baseline shows a positive slope
the curve, indicating increasing continuous impesitformation. As result of the “Rx Temp. Adjust”
decrease in average batch temperature, the ingaifdrmation slope became flat despite the catalyst
losing its activity.

Raw Material Usage
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Figure 8. Impurities formation stabilization

Because the P-value for the slopes is less thdn thére are statistically significant differen@esong
the slopes for the various values of Rx Conditionha 99% confidence level. The improvement in
production yield is statistically significant.

Another comparison was the profile of impuritiesnfiation along catalyst life. The baseline curve in
black color has a higher raw material usage whenpewed to improved curve in red color for the
same catalyst age. Figure 9 clearly shows the imgonent in the catalyst performance in terms of raw
material usage.
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Figure 9. Compason between two catalyst massreduction of raw material use

CONCLUSION

The new temperature control stratehas been running very well since tingplementatio in fiscal
year 2011. Production ratdhanges or process parameters varielike reador heel and raw materi
chargesare compensated in real time by the DCS calculs. Two tuningsettingswere configured for
different process conditions for the PID contres to properly respondds result the batch avera
temperature was reduced by 2.5°C improving siggmifily the production yield of the process. T

project achieved financial saving$ approximately US$ 1.0M foone fiscal yee and also improved
the product quality by reduanmpurities formatior
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